The objective of this study is to develop an innovative compositive impregnation process for preparing sulfurized powdered activated carbon (PAC) from waste tires. An experimental apparatus, including a pyrolysis and activation system and a sulfur (S) impregnation system, was designed and applied to produce sulfurized PAC with a high specific surface area. Experimental tests involved the pyrolysis, activation, and sulfurization of waste tires. Waste-tire-derived PAC (WPAC) was initially produced in the pyrolysis and activation system. Experimental results indicated that the Brunauer-Emmett-Teller (BET) surface area of WPAC increased, and the average pore radius of WPAC decreased, as water feed rate and activation time increased. In this study, a conventional direct impregnation process was used to prepare the sulfurized PAC by impregnating WPAC with sodium sulfide (Na 2 S) solution. Furthermore, an innovative compositive impregnation process was developed and then compared with the conventional direct impregnation process. Experimental results showed that the compositive impregnation process produced the sulfurized WPAC with high BET surface area and a high S content. A maximum BET surface area of 886 m 2 /g and the S content of 2.61% by mass were obtained at 900°C and at the S feed ratio of 2160 mg Na 2 S/g C. However, the direct impregnation process led to a BET surface area of sulfurized WPAC that decreased significantly as the S content increased.
INTRODUCTION
The ownership of automobiles in Taiwan has increased sharply over the last two decades because of economic development and improvement of the transportation system, making waste tire disposal a serious environmental problem. During 2001 and 2002, almost 120,000 and 100,000 metric tons, respectively, of waste tires were recovered in Taiwan. 1 The treatment of waste tires is a more imminent environmental problem in Taiwan than in other developed countries because of the limited land area and high population of Taiwan. 2 Methods for treating waste tires include retreading, stockpiling, landfilling, recycling, pulverization, fueling, incineration, and pyrolysis. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] The simplest means of treating waste tires are landfilling and stockpiling. However, waste tires are not easily biodegradable in landfills and, when stockpiled, the accumulation of water in waste tires provides an ideal breeding ground for disease-carrying mosquitoes and rodents. Moreover, uncontrolled fires have broken out in piles of waste tires, and the emission of gaseous air pollutants during open burning has threatened human health and the safety of nearby communities.
Waste tires contain more than 90% organic materials and have a heat value of ϳ32.6 mJ/kg (ϳ14,000 Btu/lb), compared with that for coal of 18.6 -27.9 mJ/kg (ϳ8000 -12,000 Btu/lb). 6 Several attempts have been made to convert waste tires to auxiliary fuel. Among them, pyrolysis is a favorable choice for treating waste tires from environmental and economic perspectives. Pyrolysis is a typical
IMPLICATIONS
The compositive impregnation process combines carbonization, activation, and sulfur impregnation in a single step to prepare the sulfurized powdered activated carbon. It is an efficient and energy-saving process for producing sulfurized WPAC with high BET surface area and high sulfur content. This study provides technical data for the production of sulfurized WPAC, which would be valuable for the design and operation of an innovative full-scale compositive impregnation process.
thermal treatment process in the absence of oxygen (O 2 ), which decomposes waste tires into carbon black, combustible gas, and pyrolysis oil. 2 The combustible gas can be recovered as an auxiliary fuel, while the pyrolysis oil, with a composition similar to that of diesel, can be further distilled as supplemental fuel. 12, 14 Furthermore, waste tires or carbon black could be activated into powdered or granular activated carbon for air pollution control and wastewater treatment. [15] [16] [17] Any inexpensive materials with a high carbon content and a low inorganic content can be used as potential raw materials in producing activated carbons. The most often used raw materials for manufacturing activated carbons include wood, peat, bituminous coal, lignite, coconut shell, nutshells, lignin, and others. 18, 19 Activated carbons can be manufactured by either a physical or a chemical activation process. The physical activation process generally is used to manufacture activated carbon in a two-step activation process-the carbonization of raw materials in the absence of O 2 followed by the activation of carbonized products. Steam and carbon dioxide (CO 2 ) are the activating reagents most commonly used in physical activation, significantly influencing the porosity of the activated carbons. However, only a few researchers have reported that activated carbons can be produced in a single-step activation process (involving simultaneous carbonization and activation of carbonaceous materials), using only CO 2 as the activating reagent. 20 The chemical activation process is used to manufacture activated carbons usually in a single step, using zinc chloride, phosphoric acid, and potassium hydroxide as the activating reagents. 21 The carbonaceous materials are converted into activated carbons depending upon the nature of the raw materials, the nature of the activating reagent, and the conditions of the activation process.
Furthermore, activated carbon can be impregnated with sulfur (S), chloride, or iodine to increase its adsorptive capacity, making the impregnated activated carbon much more effective than un-impregnated activated carbon for removing gaseous mercury (Hg) from flue gases at low temperatures. 22 Several researches have reported that the capacity for adsorbing Hg could be enhanced by increasing the S content of activated carbon up to a specific point, after which the adsorptive capacity degrades because of a loss of activated sites and the related reduction in the specific surface area. 23, 24 The effects of temperature, Hg concentration, and S content of carbons on the adsorptive capacity of virgin and S-impregnated carbons have been investigated. [25] [26] [27] [28] Several bench-scale studies showed that sulfurized activated carbons have significantly higher Hg removal capacities than virgin activated carbons. 21,25,29 -31 Unfortunately, the specific surface area of activated carbons have a tendency to decrease with S content. 21 Hence, developing an alternative S impregnation process would be very valuable for promoting Hg removal capacity by simultaneously increasing the specific surface area and the S content of activated carbons. Although virgin and impregnated activated carbons have been shown to be effective for removing Hg from flue gases, their use is limited by small range of temperatures over which they can be applied and high cost caused by lack of regenerability. Therefore, this study aims to produce inexpensive and effective powdered activated carbon (PAC) for removing pollutants from flue gases and wastewater.
EXPERIMENTAL METHODS
In this work, waste tires, including truck tires, automobile tires, and other vehicle tires, were supplied by KHC Iron & Steel Corporation as raw materials for preparing wastetire-derived PAC (WPAC). The waste tires were initially shredded into ϳ1 cm long scraps and then rinsed with water before undergoing pyrolysis and activation processes. Experimental tests were performed by the pyrolysis, activation, and sulfurization of waste tires. An experimental apparatus, including the pyrolysis and activation system and the S impregnation system, was designed for application in this study. The pyrolysis and activation system was used for producing WPAC, while the S impregnation system was used to prepare sulfurized PACs. Figure 1 depicts the pyrolysis and activation system. A 98-cm-long tubular oven made of stainless steel with an internal diameter of 7 cm was designed for carbonizing and activating raw scrap tires. The waste tires were pyrolyzed and activated by heating ϳ20 g of scrap tire samples in a ceramic crucible placed at the center of the tubular oven in the absence of O 2 . Pyrolysis and activation of waste tires were performed at 800 and 900°C and at 1 atm. During activation, deionized water was continuously atomized upstream of the oven as an activating reagent during the activation process, using a peristaltic pump (Gilson, Model Minipuls II). High-purity nitrogen gas with a flow rate of 0.5 L/min was introduced into the tubular oven as the carrier gas. Combustible gas and pyrolysis oil in the outlet gas stream were sampled using Tedlar bags and trapping impingers, respectively, as illustrated in Figure 1 . The operating parameters for producing WPAC during pyrolysis and activation processes included pyrolysis and activation temperature, water feed rate, and activation time.
During sulfurization, two S impregnation processes including direct impregnation and compositive impregnation were further evaluated and compared. Following the pyrolysis and activation of waste tires, direct impregnation was performed by immersing WPAC with sodium sulfide solution [Na 2 S (aq) ] in a batch-scale reactor, which had been widely used in many S impregnation studies. 25, 28, 32, 33 The sulfurized WPAC was obtained by impregnating 1 g of virgin WPAC into Na 2 S (aq) of 0.05-1.5 g Na 2 S/100 mL-H 2 O at 140°C for 24 hr. 20 In contrast, the compositive impregnation process was performed by combining pyrolysis, activation, and S impregnation in a continuous process. Na 2 S (aq) in various concentrations instead of deionized water was injected into the tubular oven during compositive impregnation. S molecules and water vapor diffused into the interior of the WPAC and were adsorbed on the surface of the inner pores to yield sulfurized WPAC. The BET surface area and the average pore radius of sulfurized WPAC then were measured before and after impregnation.
The physical and chemical properties of WPAC were analyzed further after pyrolysis and activation. The S content of WPAC was measured using an elemental analyzer (Fisons, Model EA 1108), while the BET surface area, the pore volume, and the average pore radius of WPAC were measured using a BET surface analyzer (Micrometritics Instrument Corporation, Model ASAP 2000).
The S impregnation tests were performed using WPAC with BET surface areas of 610 m 2 /g in direct impregnation process. The activated carbon was derived at an activation temperature of 900°C, a water feed rate of 1 mL H 2 O/g C-sec, and an activation time of 100 min. The S feed ratio of WPAC considered ranged from 16 to 163 mg Na 2 S/g C. Furthermore, the operating parameters, including activation time, solution feed rate, and the concentration of Na 2 S (aq) , which the above operating parameters could impact the S feed ratio directly, were investigated in compositive impregnation process. The activation temperature and activation time were 900°C and 60 -180 min, respectively. Furthermore, solution feed rate and Na 2 S (aq) concentrations were 0.5-2 mL Na 2 S (aq) /g C-sec and 0.01-20% by mass, respectively.
RESULTS AND DISCUSSION
Carbonization and Activation of Waste Tires WPAC was initially produced by combining carbonization and activation processes. Carbonaceous materials can be carbonized in the absence of O 2 and further activated by water vapor to form activated carbon. Steam generally has been used as the activating reagent for producing activated carbons, because it is inexpensive and effectively attacks the carbonaceous materials to form micropores. Investigating the influence of operating parameters on the properties of WPAC would yield useful results because the physical properties of activated carbons varied with operating parameters during carbonization and activation. The operating parameters investigated for producing WPAC during carbonization and activation included the water feed rate and the activation time. Figure 2 illustrates the influence of water feed rate on the BET surface area and the average pore radius of WPAC. Waste tires were subjected to simultaneous carbonization and activation at 800°C for 60 min. Experimental results indicated that the BET surface area of WPAC increased significantly, while the average pore radius of WPAC decreased, as the water feed rate increased. At higher water feed rates, more water vapor molecules efficiently attacked waste tires and formed micropores, resulting in a larger BET surface area and a lower pore radius of WPAC. Furthermore, results obtained by measuring the concentration of reaction products in the outlet gas stream indicated that carbonaceous materials reacted with water vapor in the absence of O 2 to form carbon monoxide and hydrogen during the carbonization and activation process. Most of the O 2 atoms in carbon monoxide came from water that was injected into the tubular oven as the activating reagent.
In addition to the water feed rate, the activation time is another important operating parameter that governs the physical properties of WPAC during the carbonization and activation process. Figure 3 illustrates the influence of activation time on the BET surface area and the average pore radius of WPAC. Waste tires were subjected to simultaneous carbonization and activation at a temperature of 900°C at a water feed rate of 1.0 mL H 2 O/g C-sec. Experimental results indicated that the BET surface area of activated carbons increased as activation time increased. A maximum BET surface area of 996 m 2 /g was obtained during carbonization and activation at 900°C for 180 min. The average pore radius decreased significantly as the activation time approached 60 min and then leveled thereafter. The leveling-off of the average pore radius implied that no more micropores could be formed at activation times longer than 60 min during carbonization and activation process. Although the BET surface area of WPAC could be increased with the activation temperature and the activation time, the lower yield of WPAC is not economically satisfactory. Direct Impregnation Process of WPAC S-treated activated carbons have been proven to be more effective than virgin activated carbons in capturing Hg from a gas stream. 14 -16,18 Impregnation is the most commonly used S treatment process for preparing sulfurized activated carbon. 19, 26, 27 Virgin WPAC with a BET surface area of 610 m 2 /g was examined in this study. Table 1 summarizes the physical and chemical properties of sulfurized WPAC prepared by direct impregnation. The influence of S feed ratio on the BET surface area and S content of WPAC is illustrated in Figure 4 . Experimental results indicated that the S content raised significantly from 1.75 to 5.52%, while the BET surface area decreased from 579 to 470 m 2 /g, as the S feed ratio increased from 16 to 163 mgNa 2 S/gC (equivalent to Na 2 S (aq) concentrations of 0.016 -0.163% by mass). The results concurred with those of Yoshio et al. 26 The increase in S feed ratio was expected to increase the S content of WPAC without affecting the BET surface area. However, this study revealed that the S content of WPAC increased, while the BET surface area and the average pore radius of WPAC declined slightly, as the S feed ratio increased. The results also implied that, during direct impregnation, Na 2 S molecules could plug the inner pores of activated carbons and thus reduce the BET surface area of sulfurized activated carbons. The aforementioned drawback of direct impregnation makes it worthwhile to develop new approaches for preparing sulfurized WPAC with a high BET surface area.
Development of Innovative Compositive Impregnation Process
The innovative compositive impregnation process originally was developed herein to obtain sulfurized WPAC with a high BET surface area. The compositive impregnation process combined carbonization, activation, and S impregnation in a single step, simplifying and increasing the efficiency of the preparation for sulfurized activated carbon. The innovative compositive impregnation process then was compared further with the conventional direct impregnation process. Table 2 presents the variation of physical and chemical properties of sulfurized WPAC, prepared by compositive impregnation, with S feed ratio. The S feed ratio considered ranged from 0.6 to 1200 mg Na 2 S/g C (equivalent to Na 2 S (aq) concentrations of 0.01-20% by mass). The S content and the BET surface area of sulfurized WPAC increased, while the average pore radius did not vary much, with S feed ratio. For instance, as the S content rose from 0.94 to 2.61%, the BET surface area increased substantially from 461 to 757 m 2 /g. Carbonization, activation, and S impregnation proceeded in a single step during compositive impregnation. Both water and Na 2 S molecules diffused into the interior of the waste tires and created inner pores in a high-temperature environment. Experimental results indicated that the BET surface area of WPAC increased with S feed ratio and then leveled off at an S feed ratio above 600 mg Na 2 S/g C (see Figure 5) . Additionally, the average pore radius of WPAC increased slightly at a higher S feed ratio during compositive impregnation. The increase in BET surface area with S feed ratio suggested that Na 2 S molecules promoted the formation of inner pores. Furthermore, the increase in the average pore radius implied that most inner pores formed by Na 2 S were either mesopores or macropores. Accordingly, Na 2 S molecules were more effective in forming mesopores and macropores, while water vapor tended to produce more micropores. Figure 5 illustrates that both BET surface area and the S content of sulfurized WPAC increased with S feed ratio in compositive impregnation. In addition to Na 2 S (aq) concentration, activation time and solution feed rate were another important operating parameters to increase the S feed ratio in compositive impregnation. Figures 6 and 7 illustrate the influence of activation time and Na 2 S (aq) feed rate on both BET surface area and S content of WPAC in compositive impregnation. Experimental results indicated that the BET surface area of WPAC increased with activation time and solution feed rate. A maximum BET surface area of 886 m 2 /g was obtained at 900°C for 180 min, at a solution feed rate of 1 mL Na 2 S (aq) /g C-sec and at Na 2 S (aq) concentration of 20% by mass (equivalent to S feed ratio of 2160 mg Na 2 S/g C). The BET surface area of WPAC increased with solution feed rate and then leveled off at solution feed rate above 1 mL Na 2 S (aq) /g C-sec. It suggested that the solution feed rate below 1 mL Na 2 S (aq) /g C-sec was sufficient for the production of sulfurized WPAC. Furthermore, the higher solution feed rate, and higher Na 2 S (aq) concentration.
Comparison of S Impregnation Processes
The capabilities of two impregnation processes to produce sulfurized WPAC were further compared and summarized in Tables 1 and 2 . The S content of sulfurized WPAC prepared by direct impregnation process raised significantly from 1.75 to 5.52%, while the BET surface area decreased linearly from 579 to 470 m 2 /g, as the S feed ratio increased from 16 to 163 mg Na 2 S/g C. In contrast to direct impregnation, compositive impregnation simultaneously increased S content of WPAC from 0.94 to 2.61% and the BET surface area of sulfurized WPAC from 461 to 757 m 2 /g. The average pore radius of sulfurized WPAC prepared by either direct or compositive impregnation were similar, and the average pore radius ranged from 20.8 to 21.1 Å. The results demonstrated that the aforementioned two S impregnation processes could increase the S content of WPAC. The direct impregnation process, however, decreased the BET surface area of sulfurized WPAC with S feed ratio. Furthermore, the compositive impregnation process successfully combined carbonization, activation, and S impregnation in a single step, making it an efficient and energy-saving innovative impregnation process.
CONCLUSIONS
The preparation of waste-tire derived sulfurized PACs with a high S content and high BET surface area was investigated in this study. An innovative compositive impregnation process was developed successfully to combine carbonization, activation, and S impregnation of waste tires in a single step. During carbonization and activation, the BET surface area of WPAC increased with water feed rate and activation time. A maximum specific surface area of 996 m 2 /g was achieved at 900°C when this process was conducted for 180 min. The comparison of S impregnation processes revealed that the innovative compositive impregnation process could simultaneously increase the S content and the BET surface area of WPAC, and the direct impregnation process increased the S content while the BET surface area of WPAC decreased linearly. Without the disadvantages of time and energy consumption associated with direct impregnation, the compositive impregnation process is an efficient and energy-saving process for producing sulfurized WPAC with a higher BET surface area and higher S content. 
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